Formaldehyde (FA) is an economically important industrial chemical to which millions of people worldwide are exposed environmentally and occupationally. Recently, the International Agency for Cancer Research concluded that there is sufficient evidence that FA causes leukemia, particularly myeloid leukemia. To evaluate the biological plausibility of this association, we employed a chromosome-wide aneuploidy study approach, which allows the evaluation of aneuploidy and structural chromosome aberrations (SCAs) of all 24 chromosomes simultaneously, to analyze cultured myeloid progenitor cells from 29 workers exposed to relatively high levels of FA and 23 unexposed controls. We found statistically significant increases in the frequencies of monosomy, trisomy, tetrasomy and SCAs of multiple chromosomes in exposed workers compared with controls, with particularly notable effects for monosomy 1 [P = 6.02E-06, incidence rate ratio (IRR) = 2.31], monosomy 5 (P = 9.01E-06; IRR = 2.24), monosomy 7 (P = 1.57E-05; IRR = 2.17), trisomy 5 (P = 1.98E-05; IRR = 3.40) and SCAs of chromosome 5 (P = 0.024; IRR = 4.15). The detection of increased levels of monosomy 7 and SCAs of chromosome 5 is particularly relevant as they are frequently observed in acute myeloid leukemia. Our findings provide further evidence that leukemia-related cytogenetic changes can occur in the circulating myeloid progenitor cells of healthy workers exposed to FA, which may be a potential mechanism underlying FA-induced leukemogenesis.
Introduction
Formaldehyde (FA) is an economically important industrial chemical to which millions of people worldwide are exposed environmentally and occupationally (1) . High levels of FA exposure occur in certain occupational settings (1, 2) ; the United States current permissible occupational exposure limit for FA is 0.75 p.p.m. (parts per million) in air as an 8-h time-weighted average (3) . Lower levels of environmental exposure, arising from automobile engines, tobacco smoke and household materials such as furniture made of pressed wood and carpeting, impact a greater number of people (1) .
The International Agency for Cancer Research originally classified FA as a human carcinogen (Group 1) based on sufficient evidence for nasopharyngeal cancer (4) , and recently reaffirmed it as a carcinogen based on sufficient evidence for nasopharyngeal cancer and leukemia, particularly myeloid leukemia (5) . The United States National Toxicology Program also classified FA as a known human carcinogen in its 12th Report on Carcinogens in 2011 (6) . Previous studies suggest that aneuploidies, such as monosomy 5, and structural chromosome aberrations (SCAs), such as deletions of 5q and 7q, as well as translocations are commonly found in myeloid leukemia (7) (8) (9) and could potentially be involved in FA-induced leukemia. A chromosome-wide aneuploidy study (CWAS) approach allows the simultaneous analysis of aneuploidy of all 24 human chromosomes and SCAs frequently detected in leukemia and lymphoma patients (10) (11) (12) . Occupational exposure to environmental carcinogens, e.g. benzene, has been shown to effect cytogenetic changes frequently observed in myeloid leukemia, notably aneuploidies and SCAs, particularly monosomy 7 and trisomy 8 (11, (13) (14) (15) . We previously conducted a study of workers exposed to FA that provided evidence for the induction of leukemia-related aneuploidy for chromosomes 7 and 8 in the human myeloid stem/progenitor cell compartment, the potential target cells for leukemia (16) . However, the number of individuals analyzed was small (10 exposed and 12 controls) and the study reported cytogenetic results for only monosomy of chromosome 7 and trisomy of chromosome 8. The ability of FA to induce other cytogenetic effects associated with myeloid leukaemia has not been investigated. The present study was designed to address the hypothesis that FA increases the frequency of aneuploidy and SCAs in multiple chromosomes.
We previously reported that the total peripheral white blood cell, granulocyte, platelet, lymphocyte and red blood cell counts were statistically significantly decreased in workers exposed to FA compared to unexposed controls. Further, as noted above, the frequencies of leukemia-related chromosome loss (monosomy 7) and gain (trisomy 8) in myeloid progenitor cells cultured from the peripheral blood of a small subset of individuals were significantly elevated compared with controls (16) . Here, we have expanded the number of individuals (29 exposed and 23 controls) to obtain more precise estimates of cytogenetic effects and analyzed the frequency of occurrence of monosomy, trisomy and tetrasomy and total SCAs of all 24 chromosomes in the FA-exposed and unexposed control workers.
Materials and methods

Study subjects and demographics
This cross-sectional study (n = 94) of occupational FA exposure has been described in detail previously (16) . We enrolled 43 workers currently exposed to relatively high levels of FA and 51 comparable, unexposed controls. No prior or current exposure to known or suspected leukemogens or hematotoxicants (e.g. benzene, phenol and chlorinated solvents), in excess of exposure levels in the general population, was detected for the exposed and control workers. The study was approved by Institutional Review Boards at the United States National Cancer Institute and the Guangdong Poisoning Control Center; participation was voluntary, and written informed consent was obtained. In the present study, we selected a subset of subjects for CWAS analysis based on scorable metaphases on slides from myeloid progenitor cell cultures, high levels of FA exposures for the exposed workers and availability of demographically comparable controls who also had adequate scorable metaphases. These metaphases were prepared from colony forming unit-granulocyte/macrophage (CFU-GM) progenitor cells as described (16) . The 29 exposed subjects analyzed in the current study were young (mean ± SD: 31 ± 5 years), male (90%) and similar to the 23 unexposed controls (Table I) . Age, gender, cigarette Formaldehyde and myeloid cell chromosome aberrations smoking, alcohol use, current medication use and recent infection were not significantly different between the exposed and control subjects while body mass index approached statistical significance (P = 0.09, Table I ).
Exposure assessment
Occupational exposure assessment has been described in detail previously (16) . In brief, FA exposure was monitored with UME x 100 diffusion samplers, worn by the workers in the exposed workplaces for a full shift (>240 min) on approximately three working days over a 3-week period. The average FA exposure level was calculated by taking the arithmetic mean of each subject's measurements. The limit of detection was 0.012 p.p.m. Personal exposure to other organic compounds (chloroform, methylene chloride, tetrachloroethylene, trichloroethylene and benzene) was measured at least twice for each FA-exposed worker by 3M organic vapor monitors. Urinary benzene was measured in a subset of enrolled subjects (20 controls and 21 workers from both exposed factories) using gas chromatography-mass spectroscopy methods as described by Kim et al. (17) and benzene was at background levels and comparable between groups (16). The median (10th, 90th percentile) FA air exposure level in the 29 exposed workers analyzed in the current study was 1.38 (0.78, 2.61) p.p.m. as an 8-h time-weighted average while in the controls the level was 0.026 (0.015, 0.026) p.p.m. (Table I) .
Biological sampling
Biological samples were collected from the study subjects in June-July 2006 as described (16) . Peripheral blood samples were collected from each study subject and delivered to the processing laboratories within ~4 h of collection. Blood from each study subject was drawn into different vacutainer tubes by specially trained nurses and peripheral blood mononuclear cells was separated and used for the culture of circulating myeloid progenitor cells using a methylcellulose-based colony forming assay of CFU-GM (described in detail below). Laboratory personnel involved in sample collection and analysis were blinded with respect to exposure status.
Culturing of myeloid progenitor cells
A fraction of hematopoietic stem and progenitor cells circulate in the bloodstream in dynamic equilibrium with the stem cell pools in the bone marrow. These circulating cells represent a surrogate for bone marrow stem cells that are difficult to access in molecular epidemiology studies. The proliferative potential of these cells can be measured by colony-forming assays, which involves culturing the cells in semisolid medium containing appropriate growth factors (18) . The individual colonies can be classified microscopically according to the progenitor cell type. Colonies derived from more committed progenitor cells that give rise to granulocytes and macrophages are called CFU-GM.
In our earlier study, we applied the CFU-GM colony-forming assay to peripheral blood mononuclear cells from all 94 study subjects (16) . Hematopoietic progenitor cells from the peripheral blood were cultured in growth factor-containing methylcellulose medium (MethoCult GF H4534, according to the protocol provided by StemCell Technologies,), and the number of CFU-GM colonies formed was scored in 6 Petri dishes after 14 days. Limitations of the field setting and personnel available only allowed for cultures without erythropoietin to be prepared, therefore only CFU-GM colonies could be examined in vivo.
Metaphase preparation from cultured CFU-GM cells
Metaphases from CFU-GM cells were prepared after 14 days of culture by adding colcemid (0.05 μg/ml) to six Petri dishes overnight before harvest. CFU-GM colony cells were harvested, washed and dispersed into a hypotonic solution (0.075 M KCI). After 30 min, the cells were fixed in methanol/acetic acid (3:1) twice and then dropped onto several slides, air dried and stored in slide boxes at −20°C. High quality metaphase spreads, with a sufficient number of cells available for scoring, were analyzed by the OctoChrome fluorescent in situ hybridization (FISH) procedure.
OctoChrome FISH and scoring procedure
The OctoChrome FISH protocol provided by CytoCell (Banbury, UK) was performed as previously described (10) (11) (12) . OctoChrome FISH, a chromosomic approach, allows the simultaneous analysis of 24 chromosomes on a single 8-square slide in a single hybridization. A Multiprobe device carries whole chromosome painting probes, on each of 8 squares, for three different chromosomes in three different colored fluorophores, Texas Red, FITC and Coumarin Spectra (red, green and blue), respectively. The chromosomes are arranged on the Multiprobe device in combinations that facilitate the identification of most specific aneuploidy and chromosomal rearrangements related to human leukemia and lymphoma. The fixed cultured CFU-GM metaphases prepared from the blood of FA-exposed workers and unexposed controls are dropped onto the 8-square slides matched to the Multiprobe device. The simultaneous denaturation of the probes and target DNA, and the use of rapid formamide-free stringency wash after overnight hybridization, simplifies the FISH procedure. After the hybridization, post-washing and 4′,6-diamidino-2-phenylindole (DAPI) staining steps, metaphase spreads on each square of the 8-square slides are scanned and localized automatically using Metafer software (MetaSystems, Altlussheim, Germany) and then evaluated on the computer screen. Metaphase cells were selected and scored according to the criteria listed in our previous publications (14, 19) . At least 150 metaphases per slide were scored for subjects included in this report.
Statistical analysis
Negative binomial (NB) regression was applied in this study because (i) it is commonly used when the outcome variable is a count; (ii) it can naturally adjust for differences in the denominator (total number of cells tested); (iii) it allows for overdispersion; and (iv) it provides interpretable associations between two measures, called incidence rate ratios (IRRs (20) . The frequency-matching variables, age and sex, were included in the regression analysis, except for sex in the analysis of X and Y chromosomes. We analyzed aneuploidy effects on the Y chromosome in males, and on the X chromosome in males only, as there were too few female subjects for analysis (2 controls and 3 exposed, Table I ). We present results adjusted for the matching variables, age and sex, in the main body of the paper. We ranked the chromosomes based on the P-value from the 24 regressions.
Although there are little data on the impact of lifestyle on chromosomal abnormalities in cultured myeloid progenitor cells, we conducted additional analyses to explore potential confounding by exposures [i.e. current cigarette smoking status (yes/no), current alcohol consumption (yes/no), recent infections (flu or respiratory infections in the previous week), current use of medication (yes/no) and body mass index that might plausibly influence measurements made in hematological cells and included them in models if they were significant at P < 0.05 or if there was evidence of confounding (e.g. greater than a 15% change in the regression coefficient). The analysis of potential confounding of our aneuploidy and structural chromosomal aberration results showed that there were minimal changes in those findings that were statistically significant in models adjusted only for age and sex and conclusions were unchanged (Supplementary Tables S1-S4 , available at Carcinogenesis online). Therefore, the primary results presented in this paper are shown adjusted only for age and sex, the matching variables.
We used the above approach to evaluate confounding in our previous report and found that adjustment had a minimal impact on the results (16) . Further, excluding the handful of subjects who might have had thalassemia (21) from those analyses also had a negligible impact on the findings (not shown).
Results
Monosomy rates in FA-exposed and control workers As shown in Table II and Figure 1A , the frequencies of monosomy of chromosomes 1, 5 and 7 were highly significantly elevated in the FA-exposed workers (IRR > 2.0, P = 6.02E-06, 9.01E-06 and 1.57E-05, respectively). The frequencies of monosomy of chromosomes 4, 19, 10 and 16 were significantly elevated at P = 0.0002-0.0075 and the frequencies of chromosomes 21, 2, 8, 18, 12, 20, 13, 6 and 14 were elevated at P = 0.014-0.044. The frequencies of loss of chromosome X and Y were higher in exposed males compared to controls ( Figure 1A ), but these increases were not significant (Table II) . The frequencies of monosomy of the remaining chromosomes were not significantly different between exposed and control workers.
Trisomy rates in FA-exposed and control workers FA exposure was associated with highly significant increases in trisomy of certain chromosomes (Table III, Figure 1B) . Trisomy of chromosome 5 was the most significantly elevated (IRR > 3.0, P = 1.98E-05). Trisomies of chromosomes 19, 21, 1, 20 and 16 were also more frequent in exposed subjects compared with controls (IRR: 1.72-2.49, P = 0.0055-0.031), though somewhat less significantly than chromosome 5. The frequency of gain of chromosome X and Y was higher in exposed males compared to controls ( Figure 1B ), but these increases were not significant (Table III) . The frequencies of trisomy of other chromosomes were not significantly elevated (P ≥ 0.05).
Tetrasomy rates in FA-exposed and control workers
The frequencies of tetrasomy of chromosomes 4, 15 and 17 were significantly increased at P < 0.005 (Table IV and Figure 1C ). Tetrasomy of several other chromosomes (14, 3, 18, 8, 12 , 2 and 10) was also associated with FA exposure, though less significantly (P = 0.011-0.034). The frequency of tetrasomy of chromosome X (two copies in males) was higher in exposed males compared to controls in which no tetrasomy X was detected ( Figure 1C ), but the increase was not significant (Table IV) . A low frequency of tetrasomy of chromosome Y was detected in controls but the level was essentially zero in the exposed subjects ( Figure 1C) .
Total structural chromosome abnormality rates in FA-exposed and control workers The frequencies of total structural chromosome aberration (SCA) were relatively low in both exposed and control workers, compared with aneuploidies ( Figure 2 versus Figure 1) , and IRRs had wide confidence intervals in general (Table V) . Total SCA, including breaks, deletions and translocations, of chromosome 5 were statistically significantly higher in workers exposed to FA (IRR = 4.15, P = 0.024), Table V , compared to unexposed controls. SCAs were not significantly different for any other chromosome. The frequency of total SCA of chromosome X was higher in exposed males compared to controls (Figure 2 ), but this increase was not significant, Table V . No SCA were detected in chromosome Y in either controls or exposed subjects.
Discussion
FA exposure and chromosomal aneuploidy in myeloid progenitor cells
We found statistically significant increases in the frequencies of monosomy, trisomy and tetrasomy of multiple chromosomes and These subjects are a subset of the 94 subjects in the previously described cross-sectional study of occupational FA exposure in factories in Guangdong, China (16) . b BMI, body mass index. in structural changes (SCA) of chromosome 5 in cultured myeloid progenitor cells from FA-exposed workers compared to unexposed controls. Our previous (16) and current studies are the only reports that show induction of chromosome-specific aneuploidy in cultured myeloid progenitor cells of FA-exposed workers. The most significant earlier finding of FA-associated monosomy 7 was confirmed, and trisomy 8 induction was elevated, but not significantly (16) . Here, we examined aneuploidy in all 24 chromosomes simultaneously by CWAS, in CFU-GM from 29 FA-exposed workers (median FA level 1.38 p.p.m. as an 8-h time-weighted average), and 23 occupationallyunexposed control subjects.
Similarity of FA-induced aneuploidies with those seen in AML and following exposure to other known leukemogens
Monosomy, trisomy and total structural aberrations of chromosome 5 were significantly increased in cultured CFU-GM cells among workers with in vivo FA exposure. Loss of whole chromosomes 5 or 7 (−5/−7) or of the long arms (5q−/7q−) of these chromosomes are the most common unbalanced aberrations in therapy-related myelodysplastic syndrome (t-MDS) and acute myeloid leukemia (t-AML (7, 8) , particularly those resulting from treatment with alkylating drugs, such as melphalan (22, 23) . We have recently reported that monosomy of chromosome 7 was increased in cultured CFU-GM cells in workers exposed to the established leukemogen benzene (24) . Further, through analysis by CWAS, we reported increased monosomy and trisomy of chromosomes 5 and 7 in the peripheral blood lymphocytes of workers exposed to benzene (11) . Trisomy 21, the second most common trisomy in AML and MDS (25), and trisomy 16, which has been reported in myeloid malignancy (26), were also significantly increased in both the CFU-GM of FA-exposed workers in the current study and in the peripheral lymphocytes of benzene-exposed workers (11). Our findings provide further evidence that aneuploidies associated with AML and with exposure to known leukemogens (e.g. benzene and melphalan) might occur in the circulating myeloid progenitor cells of healthy workers exposed to FA, and may be a potential mechanism underlying FA-induced leukemia. Induction of SCA at chromosome 5 in these cells could be another potential mechanism.
Mechanistic relevance of FA-induced chromosomal damage in myeloid progenitor cells
Our previous (16) and current studies are the only ones to demonstrate induction of chromosome-specific aneuploidy in the cultured myeloid progenitor cells of FA-exposed workers. Chromosomal damage, in Fig. 1 . Mean aneuploidy frequencies of all 24 chromosomes in workers exposed to formaldehyde and unexposed controls. Mean unadjusted frequency and standard errors of (A) monosomy, (B) trisomy and (C) tetrasomy for all 24 chromosomes in unexposed controls (n = 23) and exposed workers (n = 29) are shown. P-values indicating significance of the increase relative to controls, which are from models adjusted for covariates shown in Tables 2-4 , respectively, are denoted as ****<0.0001, ***<0.001, **<0.01 and *<0.05. X(M) represents X chromosome in males.
the form of micronuclei, has previously been demonstrated in the peripheral blood lymphocytes of workers exposed to FA (27) (28) (29) (30) . Using the cytokinesis-blocked micronucleus assay combined with FISH with a pan-centromeric DNA probe, Orsiere et al. showed that the micronuclei, arising through an aneugenic rather than a clastogenic mechanism, were induced in the peripheral blood lymphocytes of FA-exposed workers (31) . More recently, using a cytokinesisblocked micronucleus assay, Ladiera et al. reported increased micronuclei in the peripheral blood lymphocytes of occupationally exposed histopathology workers compared with non-occupationally exposed administrative staff members (32) , and confirmed their findings in a replicate evaluation of the data (33) .
The finding of aneuploidy in circulating myeloid progenitor cells may be more mechanistically relevant for myeloid neoplasms than its demonstration in circulating lymphocytes. These circulating myeloid progenitor cells exist in dynamic equilibrium with the corresponding cell pools in the bone marrow (34) , and are, together with early hematopoietic stem cells, likely targets for induction of myeloid leukemia. Experiments using genetically marked parabiotic mice, which are surgically conjoined and share a common circulation, revealed that blood-borne hematopoietic stem cells rapidly and constitutively migrate through the blood and play a physiological role in the functional re-engraftment of unconditioned bone marrow (35) . Recently, aneuploidy was shown to contribute to genomic instability (36, 37) and, as such, could be an initiating event in leukemia. Thus, leukemic stem cells could arise following FA exposure in vivo through the induction of aneuploidy and genomic instability in circulating hematopoietic stem or progenitor cells.
Plausibility of FA-induced bone marrow toxicity
The aneuploidy detected in circulating myeloid progenitors of occupationally exposed workers could have arisen while these cells were circulating in peripheral blood as described above. Alternatively, FA could target these cells in the bone marrow. A lack of evidence that inhaled FA reaches the bone marrow has been one of the major arguments proposed by some authors against the classification of FA as a leukemogen. Application of sensitive methods for detecting specific DNA adducts and distinguishing those arising from endogenous and exogenous FA sources did not detect distant site effects (38) (39) (40) , including effects on bone marrow and blood, in animal (rat and monkey) studies. However, recent studies show that FA induces DNA-protein crosslinks and oxidative stress in the bone marrow of mice exposed by nose-only inhalation (41, 42) . The exposed mice also showed reduced blood cell counts in several lineages (42) , mirroring our earlier hematotoxicity findings in FA-exposed workers (16), consistent with toxic effects on the bone marrow. These new findings build upon previous data showing induction of cytogenetic damage in the bone marrow of exposed mice and rats, suggesting that FA does target the bone marrow in experimental animals (27, 43) .
It is uncertain how FA could target the bone marrow. Our current findings confirm our earlier findings that FA exposure was associated with aneuploidy in cultured circulating myeloid progenitor cells in vivo (16) . However, aneuploidy was not induced in myeloid progenitor cells exposed to FA in vitro (44, 45) and we have recently reported negative or weak effects on monosomy and trisomy of chromosomes 7 and 8 in expanded human erythroid progenitors following in vitro treatment with FA (46). The largely negative in vitro data in myeloid and erythroid progenitors and the positive in vivo data in lymphocytes and myeloid progenitors of exposed workers suggest that FA may interact with a physiological agent to mediate its effects in vivo. Previously, we suggested that FA could travel through the blood to the marrow as methanediol (1), but this hypothesis remains to be fully tested. Another potential explanation is the generation of a stable, but reactive product(s) in the respiratory tract following inflammation produced by FA exposure. We hypothesize that this reactive product(s) could travel through the blood to the marrow producing aneuploidy. Alternatively, cells traveling in the blood could be damaged as they pass through the lung and other portions of the respiratory tract, which receives 25% of the cardiac output. This would explain the generation of aneuploidy in human blood cells in vivo but its relative absence in vitro. It would also explain why endogenously generated FA in the liver and elsewhere does not appear to be genotoxic as it is rapidly metabolized to formate and does not produce inflammation. Further studies are needed to clarify these potential mechanisms of action and related issues.
Potential mechanisms of FA-induced aneuploidy
The mechanism by which FA induces aneuploidy is unknown. Aneuploidy in somatic cells has been associated with defects in mitotic spindle assembly and dynamics, centrosome amplification, cell-cycle regulation, chromatid cohesion and telomere metabolism. These defects may be caused by mutation, epigenetic dysregulation, or altered expression of the genes involved in these processes. FA is genotoxic and mutagenic to mammalian cells in vitro and in vivo (4, 47) and it causes DNA-protein crosslinks and DNA adducts (48) , which if left unrepaired could potentially lead to mutations in replicating cells. FA also binds to proteins and could disrupt chromosome segregation through interaction with the mitotic apparatus. DNA hypomethylation of subtelomeric, telomeric and pericentric regions has been implicated in aneuploidy induction (49) . Recently, long-term, low-dose exposure to FA was shown to induce global genomic hypomethylation in a bronchial epithelial cell line in vitro (50) . Oxidative stress overrides spindle checkpoint-dependent arrest (51) , representing an indirect mechanism through which FA could induce aneuploidy. Reactive oxygen species-mediated oxidative damage resulting from FA exposure has been detected in distal cells and tissues, including bone marrow (41, 42) , reproductive tissues (52), liver (53) and brain (54) . Each of these potential mechanisms and their relationship to the induction of aneuploidy in hematopoietic cells requires further investigation.
Study strengths and limitations
A strength of the current report, as in our earlier paper (16) , is the extent to which we have tried to minimize confounding due to other exposures. Personal exposure to organic compounds was measured at least twice for each FA-exposed worker by organic vapor monitors and no chloroform, methylene chloride, tetrachloroethylene, trichloroethylene, benzene, or hydrocarbons were detected in any of the selected samples and the control population had no occupational exposure to FA or any other hematotoxic or genotoxic chemicals in excess of levels in the general population. In addition, conclusions from our CWAS were unchanged after taking into account age, gender, recent infection, body mass index, and current tobacco, alcohol and medication use (Supplementary Tables S1-S4 , available at Carcinogenesis online). Our study found statistically significant associations for three of our strong a priori hypotheses, i.e. that FA exposure would be associated with higher levels of structural aberrations of chromosome 5 and aneuploidy of chromosomes 5 and 7. We conducted analyses of all other chromosomes in the CWAS, which were more exploratory in nature, and found highly statistically significant elevated aneuploidy frequencies among FA-exposed workers compared to controls for multiple additional chromosomes (i.e. chromosomes 1, 4, 10, 15, 19) that remain statistically significant after applying corrective procedures for multiple comparisons. This indicates that FA is potentially capable of causing anueploidy in multiple chromosomes.
A potential limitation of our study is the possibility that a portion of the chromosomal abnormalities we detected in CFU-GM may have arisen during the 14-day cell in vitro culture period rather than being present in the circulating myeloid progenitor cells while they were still in the study subject (21) . These events would therefore reflect a greater tendency for CFU-GM cells from workers exposed to FA to develop chromosomal abnormalities during cell growth compared to control workers who were unexposed to FA. Their significant association with FA exposure clearly shows the potential for FA-related genetic damage or DNA-protein crosslinks to manifest as leukemia-related chromosome changes in subsequent generations of myeloid cells arising from committed and early progenitors. Given the dynamic proliferation of stem cells and progenitor cells in human bone marrow during hematopoiesis, a greater tendency to develop chromosomal abnormalities would also support the leukemogenic potential of FA. Fig. 2 . Mean frequencies of total structural chromosome aberration (SCA) for all 24 chromosomes in workers exposed to formaldehyde and unexposed controls. Mean unadjusted frequency and standard errors of total SCA for all 24 chromosomes in unexposed controls (n = 23) and exposed workers (n = 29) are shown. P-values are from models adjusted for covariates shown in table 5. The P-value indicating significance of the increase relative to controls is denoted as *<0.05. X(M) represents X chromosome in males. Another limitation of our study was its inability to address exposureresponse issues. The study was designed to evaluate mechanistically relevant biomarkers in workers exposed to relatively high levels of FA, and as a consequence there was a relatively narrow range of exposure that precluded assessment of exposure-response relationships (Table  I) . FA has been reported to produce dose-dependent effects on colony formation from myeloid progenitor cells in vitro (16, 45) . Further studies of populations exposed to a wider range of FA concentrations are needed to address dose-response in vivo.
Conclusion
In conclusion, our findings strengthen the evidence that leukemiarelated aneuploidies and structural changes, especially in chromosomes 5 and 7, can arise in the myeloid progenitor cells of healthy workers exposed to FA, and may be a potential mechanism underlying FA-induced leukemia. Further studies should be conducted to assess the dose-response relationship, to determine whether FA itself or some secondary reactive product is responsible for the chromosome-damaging effect, to determine whether hematopoietic stem cell or progenitors are targeted in the peripheral blood or bone marrow and to elucidate the mechanisms underlying the induction of aneuploidy.
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